Introduction {#Sec1}
============

Currently, the incidence of dyslipidemia has increased significantly in China and is closely related to the morbidity and mortality of cardiovascular diseases \[[@CR1]\]. It is well recognized that multiple factors are involved in the increased risk of hyperlipidemia (HPL), including a high saturated or trans-fat diet, physical inactivity, and obesity \[[@CR2]\]. Numerous clinical and experimental studies have revealed that HPL is associated with various cardiovascular diseases, including atherosclerosis, diabetes, and coronary artery diseases \[[@CR3]\]. Recent studies have suggested that dyslipidemia, characterized by an increase in total cholesterol (TC) or low-density lipoprotein cholesterol (LDL), is an important risk factor for atherosclerotic cardiovascular diseases (ASCVDs) \[[@CR4]\]. ASCVDs, including myocardial infarction, coronary heart disease, and ischemic stroke, contribute to a high mortality rate. It is thus imperative to take effective measures to control blood lipid abnormalities to prevent ASCVDs, stroke, diabetes, and fatty liver diseases. It has been widely recognized that optimal lipid-control drugs should not only control low-density lipoprotein cholesterol (LDL) and cholesterol levels but also control ASCVDs, reducing myocardial infarction, ischemic stroke, or sudden cardiac death \[[@CR5], [@CR6]\]. Statins, as the clinical preferred drugs in the primary and secondary prevention of ASCVDs, can significantly reduce cardiovascular events. However, statins are limited by intolerance and adverse effects. It has been reported that more than 30% of patients are statin intolerant \[[@CR7], [@CR8]\]. Several serious adverse effects, such as rhabdomyolysis, acute renal failure, abnormal liver enzymes, and pulmonary fibrosis, have been reported \[[@CR8], [@CR9]\]. Clearly, new therapeutic agents devoid of these side effects are needed for the treatment of HPL and ASCVDs.

Sterol-regulatory element-binding proteins (SREBPs) are master regulators of lipid homeostasis \[[@CR10]\]. Mammals have two SREBP-encoding genes that express three SREBPs: SREBP-1a, SREBP-1c, and SREBP-2. SREBP-2 principally regulates genes involved in cholesterol metabolism, whereas genes involved in fatty acid metabolism are preferentially regulated by SREBP-1. They are synthesized as inactive precursors localized to the endoplasmic reticulum bound to SREBP cleavage-activating protein (SCAP). Proprotein convertase subtilisin/kexin type 9 (PCSK9) is a potent circulating regulator of LDL through its ability to induce degradation of the LDLR in the lysosome of hepatocytes \[[@CR11]\]. PCSK9 inhibitors and monoclonal antibodies have become increasingly popular in the therapy of HPL \[[@CR12]\]. Growing evidence has demonstrated that PCSK9 inhibitors are effective at controlling LDL and reducing the rate of cardiovascular events \[[@CR13]--[@CR15]\]. Nevertheless, the safety and unexpected adverse effects of PCSK9 inhibitors need to be examined during their long-term clinical application.

Many studies have revealed that several traditional Chinese medicines have excellent hypolipidemic effects, among which the Daming capsule has been widely used in patients with HPL in China \[[@CR16]\]. Our previous work successfully screened six anthraquinones with fast and high absorption as potentially bioactive components of Daming capsule, including emodin-*O*-glucoside, aurantio-obtusin, aloe-emodin (AE, 1,3,8-trihydroxyanthraquinone; Fig. [1a](#Fig1){ref-type="fig"}), rhein, emodin, and chrysophanol \[[@CR17]\]. Previous studies have shown that AE and its derivatives have a variety of pharmacological effects, such as antitumor, antibacterial, and antioxidant actions \[[@CR18]--[@CR20]\]. However, the potential role of AE in HPL remains unclear. Based on both animal and cellular evidence, the present study reported that AE exerted cholesterol-lowering effects by inhibiting PCSK9 and eventually promoting LDL degradation.Fig. 1Effects of aloe-emodin (AE) on serum lipids in high-fat diet-induced hyperlipidemia (HPL) rats. **a** Chemical structure of AE. **b** Reduction in serum total cholesterol (TC) by AE at a dose of 100 mg/kg. **c** Serum triglyceride (TG). **d** Serum low-density lipoprotein (LDL). **e** Serum high-density lipoprotein (HDL). **f** Serum total bile acid (TBA). \**P* \< 0.05, \*\**P* \< 0.01 vs. Ctrl, ^\#^*P* \< 0.05, ^\#\#^*P* \< 0.01 vs. HPL, *n* = 8. PC group: atorvastatin 7.2 mg/kg

Materials and methods {#Sec2}
=====================

Animals and diet {#Sec3}
----------------

All experiments were approved by the Ethics Committee of the Second Affiliated Hospital of Harbin Medical University (SYDW2019-258) and were performed in accordance with the Guideline for the Care and Use of Laboratory Animals published by the US National Institutes of Health (8th edition, 2011). Healthy Wistar rats (male, \~7 weeks old, weight 200 ± 20 g) were provided by the Animal Center of the Second Affiliated Hospital of Harbin Medical University and were housed in a climate-controlled environment (22--24 °C). After 1 week of adaptation, the rats were randomly divided into four groups (*n* = 8 in each group): normal diet (Ctrl), HPL, AE treatment, and positive control treatment (PC, atorvastatin). Rats in the Ctrl group were fed a normal diet for 10 weeks. Rats in the HPL, AE, and PC groups were first fed a high-fat diet for 4 weeks to establish the HPL model. After validation of HPL, they were switched to a high-fat diet and treated with ddH~2~O, AE (100 mg/kg), or atorvastatin (7.2 mg/kg) for another 6 weeks. The composition of the high cholesterol diet was as follows: 77.6% carbohydrate, 10% fat, 10% protein, 2% cholesterol, 0.2% bile salt, and 0.2% methylthiouracil, which was purchased from Beijing Huafukang Biological Technology Co. Ltd (Beijing, China). The body weight was recorded every week. At the end of the experiments, animals were sacrificed, and blood samples and liver tissues were collected for subsequent examinations.

Measurement of lipid changes in rat serum, liver, and HepG2 cells {#Sec4}
-----------------------------------------------------------------

The collected blood samples were centrifuged at 620×*g* at 4 °C for 15 min. After centrifugation, the serum was transferred to a new centrifuge tube for measuring biochemical parameters. Serum levels of triglyceride (TG), TC, LDL, and high-density lipoprotein cholesterol (HDL) were measured by corresponding kits (Zhongsheng Beikong Biotechnology Co., Ltd, Beijing, China). Total bile acid (TBA) was analyzed according to the manufacturer's protocol (Nanjing Jiancheng Bioengineering Institute, Nanjing, China). The TC content in HepG2 cells was analyzed by a kit according to the manufacturer's instructions (Applygen Technology Inc., Beijing, China). TC and TG in rat livers were measured by kits from Nanjing Jiancheng Bioengineering Institute (Nanjing, China).

Determination of 3-hydroxy-3-methylglutaryl-CoA (HMG-CoA) reductase {#Sec5}
-------------------------------------------------------------------

HMG-CoA reductase ELISA kit (Shanghai Enzyme-linked Biotechnology Co., Ltd, Shanghai, China) was used to determine the activity of HMG-CoA reductase according to the manufacturer's instructions.

Hematoxylin and eosin staining {#Sec6}
------------------------------

Liver tissues were fixed with 4% formaldehyde solution and cut into 4-μm-thick portions, which were stained with hematoxylin and eosin. Images were captured using a microscope (Olympus, Tokyo, Japan).

Cell culture and transfection {#Sec7}
-----------------------------

The HepG2 cell line was purchased from the American Type Culture Collection (ATCC, Manassas, VA, USA) and cultured in DMEM containing penicillin (100 U/mL), streptomycin (100 mg/mL), and 10% fetal bovine serum (FBS) at 37 °C in a 5% humidified CO~2~ incubator. When cells reached approximately 80% confluence, the medium was switched to serum-free DMEM. HepG2 cells were incubated with AE at different concentrations (10, 20, 30, 50, 70, 90, and 110 μM) for 24 h. A concentration of AE of 30 μM was chosen for subsequent experiments. AE was dissolved in DMSO, and the DMSO concentration was kept below 0.05% in all cellular experiments to avoid possible toxic effects on cells. To investigate the role of AE in cholesterol metabolism, cells were randomly divided into the following groups: control group (Ctrl), TC group, and AE-treated group. In the TC group, cells were treated with cholesterol (20 μg/mL, dissolved in ethanol) and 25-hydroxycholesterol (2 μg/mL, dissolved in ethanol) for 6 h. In the AE-treated group, cells were first treated with cholesterol (20 μg/mL, dissolved in ethanol) and 25-hydroxycholesterol cholesterol (2 μg/mL, dissolved in ethanol) for 6 h and then treated with AE for another 24 h. Cells were harvested after all treatments for subsequent experiments. PCSK9-expressing plasmid (Changsha Yingrun Biotechnology Co., Ltd, Changsha, China) was transfected into HepG2 cells by X-tremeGENE siRNA transfection reagent (Roche, Pleasanton, CA, USA). Briefly, cells were trypsinized and seeded for 24 h before transfection. The transfection mixture was dissolved in Opti-MEM serum-free medium and added to the cells. After 24 h of transfection, the medium was replaced by fresh medium with or without AE. After AE treatment for 24 h, the cells were used for RNA extraction. To validate the inhibitory effect of AE on PCSK9, the PCSK9 inhibitor SBC-110736 (10 and 30 μM) was used.

LIVE/DEAD staining assay {#Sec8}
------------------------

The LIVE/DEAD® Viability/Cytotoxicity Assay Kit (Invitrogen, Carlsbad, CA, USA) was used to detect the amount of live and dead cells. The dye calcein acetoxymethyl ester (calcein-AM, 0.5 μL/mL) was mixed with ethidium homodimer-1 (EthD-1, 2 μL/mL) and added to cells followed by incubation for 15 min. The numbers of live and dead cells were detected by a laser scanning confocal microscope (FV1000, Olympus, Japan). The ratio of dead cells to total cells was calculated for quantitative comparisons.

Lactate dehydrogenase activity measurement {#Sec9}
------------------------------------------

Lactate dehydrogenase (LDH) activity in the culture medium of HepG2 cells was tested according to the instructions (Beyotime Biotechnology, Haimen, China).

Western blot analysis {#Sec10}
---------------------

Total protein samples were isolated from rat liver and HepG2 cells, and the protein concentration was determined by a BCA kit (Beyotime Institute of Biotechnology, Haimen, China). Protein extracts were subjected to SDS-polyacrylamide gel electrophoresis for Western blotting analysis as previously described. Briefly, proteins were separated by 10% SDS-PAGE and then electrophoretically transferred onto nitrocellulose membranes (PALL Corporation, Ann Arbor, MI, USA). After blocking with 5% nonfat milk at room temperature for 2 h, the membranes were incubated at 4 °C overnight with anti-PCSK9 (1:500, Cat: bs-6060R, Biosynthesis Biotechnology Co. Ltd, Beijing, China), anti-SREBP-2 (1:500, Cat: 10007663, Cayman Chemical Company, Ann Arbor, MI, USA), anti-LDL receptor (1:200, Cat: ab30532, Abcam, Cambridge, UK), anti-SCAP (1:500, Cat: 13102, Cell Signaling, Boston, MA, USA), anti-peroxisome proliferator-activated receptor γ (PPARγ, 1:500, Cat: 16643-1-AP, Proteintech, Wuhan, China), anti-hepatocyte nuclear factor (HNF1α, 1:500, Cat: 22426-1-AP, Proteintech, Wuhan, China) or anti-GAPDH (1:1000, Cat: TA-08, ZSGB-Bio, Beijing, China) antibodies. Next, the membranes were incubated with a secondary antibody (1:5000, LI-COR Biosciences, Lincoln, NE, USA) for 1 h. Then, the membranes were captured by an Odyssey CLx (LI-COR Biosciences, Lincoln, NE, USA). Band densities were calculated by the Odyssey CLx software version 2.1 (LI-COR Biosciences, Lincoln, NE, USA).

Statistical analysis {#Sec11}
--------------------

Data are expressed as the mean ± SEM and analyzed by GraphPad Prism 5.0 software. Two-group comparisons were performed by Student's *t*-test. Multiple-group comparisons were carried out using one-way ANOVA followed by Dunnett's *t*-test. For the data with a control value of 1 and no SEM, randomized block ANOVA (repeated measures ANOVA) was used. *P* \< 0.05 was considered statistically significant.

Reagents {#Sec12}
--------

AE (purity 98%) was provided by Tianfeng Biotechnology Co., Ltd (Xi'an, China). Lipitor® (atorvastatin calcium) was provided by Pfizer Pharmaceuticals Ltd (Suzhou, China). Cholesterol (purity 99%) and 25-hydroxycholesterol cholesterol (purity 98%) were obtained from Sigma (St. Louis, MO, USA). The PCSK9 inhibitor SBC-110736 (Cat: HY-101832, purity \>99%) was purchased from MedChemExpress Company (Princeton, NJ, USA).

Results {#Sec13}
=======

Lipid-lowering effects of AE in both the serum and liver of high-fat rats {#Sec14}
-------------------------------------------------------------------------

To verify the HPL model in rats induced by a high-fat diet for 4 weeks, we measured serum lipid concentrations, including TC, TG, LDL, and HDL. We found that TC, TG, and LDL were markedly increased in HPL rats compared to those in control rats, suggesting that the HPL model was successfully established (Supplementary Fig. [S1](#MOESM1){ref-type="media"}). After that, rats continued on the high-fat diet and started to receive AE (100 mg/kg per day) for 6 more weeks. Serum lipid concentrations, including TG, TC, LDL, HDL, and TBA, were detected to evaluate the effects of AE. As shown in Fig. [1b--f](#Fig1){ref-type="fig"}, AE markedly reduced the levels of TC, LDL, and TBA but did not significantly alter TG and HDL levels. Atorvastatin was employed as a positive control, and our results showed that the impact of AE at 100 mg/kg was equivalent to that of atorvastatin at 7.2 mg/kg. Moreover, TC and TG in rat liver were examined. TC levels in rat livers were found to be significantly lower in AE-treated rats than in HPL rats, whereas no significant difference was observed in TG levels between the AE and HPL groups (Fig. [2a, b](#Fig2){ref-type="fig"}). Taken together, these findings supported that AE has promising cholesterol-lowering effects in both serum and liver.Fig. 2Effects of AE on hepatic TC, TG, and the morphology of the rat liver. **a** TC in rat liver. **b** TG in rat liver. **c** Body weight after a 4-week high-fat diet. **d** Body weight during 6 weeks of treatment with AE or atorvastatin. **e** Liver weight. **f** H&E staining displayed the effect of AE on hepatic lipids, scale bar: 25 μm. \**P* \< 0.05 vs. Ctrl, ^\#^*P* \< 0.05 vs. HPL, *n* = 8

The body weight of rats fed a high-fat diet for 4 weeks was significantly higher than that of rats fed a normal diet (Fig. [2c](#Fig2){ref-type="fig"}). Moreover, body weight was dynamically changed during 6 weeks of treatment with AE or atorvastatin. After treatment for 6 weeks, no significant difference in body weight was found among these groups (Fig. [2d](#Fig2){ref-type="fig"}). In order to evaluate the effect of AE on the morphological changes in rat liver, rat livers were first weighed. Liver weight in HPL rats was higher than that in control rats; however, liver weight was reduced by AE treatment (Fig. [2e](#Fig2){ref-type="fig"}). Meanwhile, hematoxylin and eosin staining of liver tissues was conducted. As displayed in Fig. [2f](#Fig2){ref-type="fig"}, control rats had complete liver structure, clear hepatic lobule structure, orderly arrangement of hepatic cords, without fat vacuoles in the cytoplasm and fat degeneration or necrosis. However, in the HPL group, the structure of the hepatic lobule was destroyed, the hepatic cord was disordered, the liver cells were necrotic in spots and slices, and the size of liver cells became larger. Moreover, there was fatty degeneration to different degrees, and there were many fat vacuoles in the cytoplasm. After AE and atorvastatin treatment, the volume of hepatocytes and the number of fat vacuoles decreased significantly, and the hepatic cords were arranged neatly. Collectively, compared with the HPL group, the liver morphology of the AE and atorvastatin groups was significantly improved.

Next, we tested whether the alterations caused by AE in HPL rats could be reproduced in a cellular model. To this end, we treated HepG2 cells with cholesterol and 25-hydroxycholesterol to mimic HPL in vivo in rats. We then measured the cholesterol contents in HepG2 cells after AE treatment. Our results showed that cholesterol and 25-hydroxycholesterol treatment for 6 and 12 h significantly increased cholesterol levels (Fig. [3a](#Fig3){ref-type="fig"}), whereas 30 μM AE treatment abrogated such increases (Fig. [3b](#Fig3){ref-type="fig"}).Fig. 3Effect of AE on TC in the HepG2 cell line as a cellular model of high cholesterol. **a** Cholesterol treatment for 3, 6, and 12 h. **b** Effect of AE (30 μM) on the cholesterol content after treatment for 6 h. \**P* \< 0.05 vs. Ctrl, ^\#^*P* \< 0.05 vs. Cho, *n* = 6

Lack of effect of AE on HMG-CoA reductase activity in HPL rats {#Sec15}
--------------------------------------------------------------

It is known that statins reduce lipids and cholesterols primarily by inhibiting HMG-CoA reductase activity. Thus, there is a possibility that AE also acts through the same mechanism. To test this notion, we measured HMG-CoA reductase activity by enzyme-linked immunosorbent assay. As shown in Supplementary Fig. [S2](#MOESM1){ref-type="media"}, the HPL-induced increase in HMG-CoA reductase activity was significantly inhibited by atorvastatin but not by AE. This result indicated that the mechanism underlying the cholesterol-lowering effects of AE may be different from atorvastatin.

Inhibition of the PCSK9 signaling pathway as a mechanism for the lipid-lowering property of AE {#Sec16}
----------------------------------------------------------------------------------------------

Recently, PCSK9 has been proposed to be another important enzyme for cholesterol metabolism \[[@CR12]\]. Our data shown in Fig. [4a](#Fig4){ref-type="fig"} demonstrated that the level of PCSK9 in HPL rats was significantly increased compared to control rats and was restored by AE. By comparison, atorvastatin failed to inhibit PCSK9 protein expression. Consistently, HPL-induced upregulation of SREBP-2 and SCAP protein expression was decreased by AE treatment (Fig. [4b, c](#Fig4){ref-type="fig"}). Furthermore, the HPL-induced downregulation of LDLR expression was reversed by AE (Fig. [4d](#Fig4){ref-type="fig"}).Fig. 4Effects of AE on the protein expression of PCSK9, SCAP, LDLR, and SREBP-2 in rat liver. **a** Western blot band of PCSK9 and statistical results. **b** Western blot band of SCAP and statistical results. **c** Western blot band of SREBP-2 and statistical results. **d** Western blot band of LDLR and statistical results. \**P* \< 0.05 vs. Ctrl, ^\#^*P* \< 0.05 vs. HPL, *n* = 7. PC group: atorvastatin 7.2 mg/kg

The same results were obtained from in vitro studies conducted in HepG2 cells. We found that 30 μM AE markedly inhibited the protein expression of SCAP and PCSK9 (Fig. [5a, b](#Fig5){ref-type="fig"}), leaving LDLR unaltered (Fig. [5c](#Fig5){ref-type="fig"}). To explore whether lower concentrations of AE still have the abovementioned effect, 10 and 20 μM AE were examined. As shown in Fig. [5a](#Fig5){ref-type="fig"}, b, 10 and 20 μM AE failed to inhibit the protein expression of SCAP and PCSK9. Based on these results, 30 μM was chosen as the appropriate concentration of AE. We further evaluated the role of AE in the PCSK9 pathway under high cholesterol conditions. As shown in Fig. [6a--c](#Fig6){ref-type="fig"}, SCAP and PCSK9 expression was significantly decreased by AE, while LDLR expression was increased after AE treatment. Moreover, AE inhibited SREBP-2 and HNF1α but not PPARγ (Fig. [6d--f](#Fig6){ref-type="fig"}). Additionally, no significant difference was found in the survival between control cells and cells treated with AE at concentrations of 30, 50, 70, 90, and 110 μM (Supplementary Fig. [S3a, b](#MOESM1){ref-type="media"}). Moreover, similar results were obtained for LDH activity (Supplementary Fig. [S3c](#MOESM1){ref-type="media"}). Finally, to validate the inhibitory role of AE in PCSK9 expression, the PCSK9 inhibitor SBC-110736 and the PCSK9 plasmid were employed. As shown in Fig. [7a, b](#Fig7){ref-type="fig"}, the protein level of PCSK9 was significantly decreased by AE and the PCSK9 inhibitor. Meanwhile, the effect of AE was similar to that of 10 μM PCSK9 inhibitor and weaker than that of 30 μM. Furthermore, the PCSK9 plasmid was transfected into HepG2 cells in the absence or presence of AE. We found that the mRNA level of PCSK9 increased dramatically compared with the control group, which was recovered by AE (Fig. [7c](#Fig7){ref-type="fig"}). Collectively, these findings supported that PCSK9 was a target of AE in our study.Fig. 5Effects of AE at different concentrations ranging from 10 to 30 μM on the protein levels of SCAP, PCSK9, and LDLR in HepG2 cells. **a** Western blot band of SCAP and statistical results. **b** Western blot bands of PCSK9 and statistical results. **c** Western blot bands of LDLR and statistical results. \**P* \< 0.05 vs. Ctrl, *n* = 6Fig. 6Effects of AE on the protein levels of PCSK9, SCAP, LDLR, and SREBP-2 in cholesterol-treated HepG2 cells. **a** Western blot band of SCAP and statistical results. **b** Western blot band of PCSK9 and statistical results. **c** Western blot band of LDLR and statistical results. **d** Western blot band of SREBP-2 and statistical results. **e** Western blot band of hepatocyte nuclear factor (HNF)1α and statistical results. **f** Western blot band of peroxisome proliferator-activated receptor (PPAR)γ and statistical results. \**P* \< 0.05, \*\**P* \< 0.01 vs. Ctrl, ^\#^*P* \< 0.05, ^\#\#^*P* \< 0.01 vs. Cho, *n* = 6Fig. 7Validation of the effect of AE on PCSK9 signaling by a PCSK9 inhibitor or overexpression of PCSK9. **a** Western blot band of PCSK9. **b** Statistical results. \**P* \< 0.05 vs. Ctrl, ^\#^*P* \< 0.05 vs. Cho, *n* = 6. **c** Inhibition of PCSK9 mRNA levels by AE. \**P* \< 0.05 *vs.* Ctrl, ^\#^*P* \< 0.05 vs. PCSK9 group, *n* = 7

Discussion {#Sec17}
==========

Our previous study first screened AE as a potential lipid-lowering agent \[[@CR17]\]. Our recent studies suggested that AE has a favorable therapeutic effect on high-fat diet-induced HPL by adjusting metabolic disorders by urinary metabolomics combined with pattern recognition analysis \[[@CR21]\]. However, the exact molecular mechanisms of AE in regulating lipid metabolism remain unclear. Therefore, the present study mainly focused on this issue and demonstrated for the first time that AE significantly decreased TC and LDL in high-fat diet-induced HPL rats by inhibiting PCSK9 and thereby upregulating LDLR, eventually promoting LDL clearance. Both in vivo and in vitro studies indicated that AE successfully reduced cholesterol in HPL rats and high cholesterol in HepG2 cells. These findings provide new therapeutic candidates for HPL prevention and treatment.

Currently, statin treatment is one of the main drug therapies for patients with hypercholesterolemia. However, several questions remain unsolved. First, a certain number of patients are unable to tolerate statin therapy. Second, the residual cardiovascular risk is still high in patients with diabetes and atherosclerosis despite maximal statin therapy. Therefore, the LDL goal is unattainable with statin-alone therapy. Third, the adverse effects of statins should be seriously considered \[[@CR22]\]. Under these circumstances, the novel approach of PCSK9 inhibitors contributes promising effects and relatively few side effects. Mounting evidence strongly supports that PCSK9 is an outstanding target for HPL treatment. Current available studies suggest that PCSK9 inhibitors have the following advantages: (1) they are an effective method for the management of hypercholesterolemia; (2) they provide dramatic lowering of LDL and related cardiovascular outcome benefits for high-risk patients; and (3) they provide an alternative therapeutic regimen for statin-intolerant patients \[[@CR23]\]. However, several aspects of the current PCSK9 monoclonal antibody should be considered. For instance, subcutaneous injection of PCSK9 monoclonal (either alirocumab or evolocumab) may cause certain adverse effects. Moreover, its high cost may aggravate the patients' economic burden \[[@CR24]\]. Thus, new oral PCSK9 inhibitors with good bioavailability are urgently needed. Our study focused on this issue and uncovered AE as a potential lead compound with good PCSK9 inhibitory effects. Recent studies also reported that statins could increase circulating PCSK9 \[[@CR25]\], which may provide indirect evidence for the unsatisfactory efficacy of statins. This finding indicated that it is necessary to use statins combined with other drugs, such as PCSK9 inhibitors, to better control LDL levels and cardiovascular events.

One interesting finding of the present study is that AE reduced both serum and hepatic cholesterol, whereas atorvastatin only decreased cholesterol in the serum. Moreover, AE affected both the formation and excretion of cholesterol. The serum HDL value was significantly increased in HPL rats and reduced after AE treatment, although no significance was found. Similarly, previous studies also reported higher serum HDL levels in high-fat diet-fed rats \[[@CR26]\]. However, the underlying mechanisms remain unclear. Our data that AE failed to affect HMG-CoA reductase activity suggest that the mechanism by which AE lowered cholesterol is different from that of statins. It is well known that SCAP is a cholesterol-binding endoplasmic reticulum membrane protein. Many previous studies have revealed that SCAP is required to activate SREBP transcription factors, thereby regulating genes involved in lipid biosynthesis \[[@CR27]\]. Moreover, SCAP was also found to regulate lipid clearance by modulating the expression of PCSK9 and LDLR \[[@CR28]\]. In our study, AE was found to inhibit SREBP-2 and HNF1α, thereby repressing PCSK9 while upregulating LDLR expression in HPL rat livers. These results indicated that AE acted through regulating the SREBP-2- and HNF1α-dependent PCSK9 pathway. Similarly, previous studies showed that emodin ameliorates dyslipidemia and improves lipid and glucose metabolism in high-fat diet-induced obese mice by regulating the AMP-activated protein kinase and SREBP pathways \[[@CR29]\]. However, it should be emphasized that the chemical structure of emodin is different from AE, although they belong to the same family. Similarly, berberine treatment inhibited HNF1α protein and PCSK9 mRNA and protein levels in HepG2 cells, which was blocked by ubiquitin-proteasome inhibitors \[[@CR11]\]. Other studies also reported that berberine derivatives have similar effects regarding the treatment of HPL through the inhibition of PCSK9 and upregulation of LDLR expression \[[@CR30]\]. These findings indicated that it is interesting to screen other PCSK9 inhibitors from pure chemicals of Traditional Chinese Medicine.

Previous studies reported that atorvastatin significantly reduced TG \[[@CR31]\]. In contrast, as shown in Fig. [2b](#Fig2){ref-type="fig"} of our present study, AE did not significantly decrease hepatic TG levels, whereas atorvastatin had a tendency to decrease TG compared to the untreated HPL group. These results are consistent with the study by Micháliková et al. \[[@CR32]\], which also did not detect a significant effect of atorvastatin on TG levels. Explanations for the controversial results may lie in the differences in diet and treatment duration and daily dose size. The relatively minor effects of atorvastatin may be due to the imbalance between the duration of high-fat diet administration and the duration of treatment in our study.

Generally, a high-fat diet usually increases body weight. Figure [2c](#Fig2){ref-type="fig"} shows that a high-fat diet for 4 weeks increased body weight compared to the control group in our present study. However, the body weight was dynamically changed during 6 weeks of treatment with AE or atorvastatin. As shown in Fig. [2d](#Fig2){ref-type="fig"}, we found that the body weight in HPL rats was higher than that in control rats in the first 3 weeks but decreased from the 4-week timepoint; thus, the body weight after 6 weeks of treatment was not significantly different among these groups. We have established a hyperlipidemic rat model using this high-fat diet for several batches of rats, which all successfully induced high serum triglyceride and cholesterol without increasing body weight at the endpoint \[[@CR33]\]. We noticed that the food intake in high-fat diet rats, especially the last 2 weeks, was less than that in the control rats, which may be the reason for the reduction in body weight. This phenomenon was also reported in a previous study \[[@CR34]\].

The present study has several limitations. First, several clinical studies have found that atorvastatin increased circulating PCSK9 levels dose-dependently in patients. However, our present study found that atorvastatin did not increase hepatic PCSK9 expression. SREBP-2 is an important factor in regulating both PCSK9 and LDLR, which contributes to a self-regulatory system preventing excessive cholesterol uptake to preserve cholesterol homeostasis. On the one hand, low intracellular cholesterol levels activate SREBP-2, leading to increased LDLR gene expression, which enhances LDL-C clearance from the circulation. On the other hand, SREBP-2 also induces the expression of PCSK9, leading to LDLR degradation, thus limiting hepatic cholesterol uptake and increasing circulating LDL-C. Therefore, the PCSK9 level depends on both LDLR and SREBP-2 expression \[[@CR35]\]. We found that LDLR protein expression was slightly increased in the atorvastatin group compared with that in the HPL group, which may downregulate hepatic PCSK9 expression via feedback. Of course, concrete mechanisms should be explored in the future. Second, we found that both SREBP-2 and HNF1α were involved in the inhibition of PCSK9 by AE. However, the detailed regulation process between AE and SREBP-2 or HNF1α remains unclear. Nevertheless, these two signals both activated PCSK9, which is the key point of cholesterol degradation.

Our work represents the first to characterize the new pharmacological role of AE in regulating PCSK9 in HPL. More studies are needed to further evaluate the possibility of AE as a new lead compound in HPL drug therapy.

Conclusion {#Sec18}
==========

The present work demonstrated for the first time that AE significantly decreased TC and LDL in high-fat diet-induced HPL rats by downregulating PCSK9 and thereby upregulating LDLR, eventually leading to LDL uptake.
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